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ABSTRACT
We investigate the effects of mass loss during the main-sequence (MS) and post-MS phases of massive
star evolution on black hole (BH) birth masses. We compute solar metallicity Geneva stellar evolution
models of an 85 M star with mass-loss rate (M˙) prescriptions for MS and post-MS phases and analyze
under which conditions such models could lead to very massive BHs. Based on the observational
constraints for M˙ of luminous stars, we discuss two possible scenarios that could produce massive
BHs at high metallicity. First, if a massive BH progenitor evolves from the observed population of
massive MS stars known as WNh stars, we show that its average post-MS mass-loss rate has to be less
than 1 × 10−5 Myr−1. However, this is lower than the typical observed mass-loss rates of luminous
blue variables (LBV). Second, a massive BH progenitor could evolve from a yet undetected population
of 80 − 85 M stars with strong surface magnetic fields, which could quench mass loss during the
evolution. In this case, the average mass-loss rate during the post-MS LBV phase has to be less than
5 × 10−5 Myr−1 to produce 70 M BHs. We suggest that LBVs that explode as SNe have large
envelopes and small cores that could be prone to explosion, possibly evolving from binary interaction
(either mergers or mass gainers that do not fully mix). Conversely, LBVs that directly collapse to
BHs could have evolve from massive single stars or binary-star mergers that fully mix, possessing large
cores that would favor BH formation.
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1. INTRODUCTION
Massive stars have a key impact throughout the his-
tory of the Universe, being the main contributors to the
emission of ionizing photons, energy and production of
some chemical elements. The majority of massive stars
leave a neutron star (NS) or black hole (BH) as compact
remnant (e.g. Maeder & Meynet 2000a; Langer 2012),
which can be observed with electromagnetic radiation
(e.g. Casares & Jonker 2014) and gravitational waves
(e.g. Abbott et al. 2016). The most massive stars may
be affected by the pair-creation instability, which can
produce either pulsations and strong mass loss that still
leaves a BH remnant, or a total disruption of the star
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in a pair-instability supernova with no remnant left (e.
g. Woosley 2017). The mass of the Carbon-Oxygen core
(MCO-core) at the end of the evolution is thought to be
one of the key parameters that set the final fate of a mas-
sive star (e.g. Heger et al. 2000, 2003; Woosley 2017).
Current observational evidence of BH detections sug-
gest a maximum BH mass of around 30 M at solar
metallicity (e.g. Abbott et al. 2016; Zampieri & Roberts
2009; Belczynski et al. 2010; Spera et al. 2015; Belczyn-
ski et al. 2016). Stellar evolution models of single stars
also predict a maximum black hole mass of ∼ 20−30 M
at solar metallicity (e.g. Groh et al. 2019) when usual
assumptions are made regarding mass loss, rotation, and
convective core properties.
Detecting massive BHs help to shed light on the pro-
cesses that operate during stellar evolution, and several
ongoing spectroscopic surveys have the potential to in-
crease the sample of detected galactic BHs. Recently, a
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very massive BH has been proposed to orbit a B-type
star in the outskirts of the Milky Way (Liu et al. 2019).
These authors favor that the LB-1 system consists of
a BH with a mass of 68+13−11 M and a B3V star with
mass of 8+1.2−0.9 M. They suggest an orbital period of
Porb = 78.9 ± 0.3 d. Following the initial discovery of
the binary system, several studies have put into ques-
tion the existence of such a massive black hole in LB-1
(Abdul-Masih et al. 2020; El-Badry & Quataert 2020;
Eldridge et al. 2019; Irrgang et al. 2020; Simo´n-Dı´az
et al. 2020), and the debate is still ongoing (Liu et al.
2020).
To explain a potentially massive BH at solar metal-
licity, Belczynski et al. (2019) proposed a reduction of
stellar wind mass-loss rates by a factor of 3 – 5 through-
out the entire evolution. These authors can explain
the formation of a 70 M BH as evolving from a non-
rotating star of initial mass 85 Mwith such reduced
mass-loss rates if the progenitor directly collapses to
a BH without losing significant mass in the process.
In this case, the progenitor would have MCO-core =
27.6 M and narrowly avoid pulsational pair-instability,
which is thought to occur for CO cores in the range
MCO-core = 28 − 54 M (Woosley 2017). However, the
Roche-lobe radius of the BH is around 200 Rand this
star would expand to a radius of ∼ 350 R, larger than
the binary orbit, during the evolution. Belczynski et al.
(2019) also discuss the effects of rotation on the progen-
itor core properties.
Here we investigate the available observational data
for luminous massive stars in the upper part of the
Hertzsprung-Russell (HR) diagram that could be the
progenitors of massive BHs. We then compute numer-
ical stellar evolution models with the Geneva code to
study the mass budget of progenitors of massive BHs.
Our results indicate that the uncertain mass loss by lu-
minous blue variable stars (LBVs) has a key impact in
the black hole birth mass function.
2. HOW MUCH CAN MASS LOSS BE REDUCED
BASED ON OBSERVATIONS?
To produce a ∼ 70 M BH like the one that was orig-
inally proposed to exist in LB-1, its progenitor would
have evolved from a star that had an initial mass of
around 85 M, or acquired a similar mass at some point
during its evolution by interacting with a companion
(Belczynski et al. 2019). Stellar evolution models indi-
cate that stars more massive than 85 M have luminosi-
ties logL?/L & 6.1 (Ekstro¨m et al. 2012). Therefore,
in this section, we focus on observational constraints for
mass loss in these very luminous stars. We refer the
reader to Smith 2014 for a broader review of mass loss
in massive stars and Vink et al. (2015) for a review on
the impact of very massive stars in the local Universe.
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Figure 1. Mass-loss rates of luminous stars derived from ob-
servations of WNh, and LBV stars. The data were compiled
from Martins et al. (2007, 2008), Clark et al. (2012b), Smith
(2014) and references therein. We also overplot our Geneva
stellar evolution models for different MS (indicated by the
labels) and post-MS mass-loss rate prescriptions, in addition
to a Geneva model including a surface dipolar magnetic field
of 2 kG (dot-dashed green line).
MS stars at these luminosities are predominantly ob-
served with emission-line spectra of the WNh sub-type,
typically with M˙ & 5 × 10−6Myr−1 derived using de-
tailed spectroscopic modelling (Martins et al. 2008; Mar-
tins & Palacios 2013; Crowther et al. 2010; Bestenlehner
et al. 2014; Smith 2014). These observed mass-loss rates
are broadly in agreement the theoretical prescription
from Vink et al. (2001). An example is NGC3603-A1b,
for which the derived M˙ from CMFGEN spectroscopic
modelling is actually slightly higher than the theoretical
Vink et al. (2001) prescription (Crowther et al. 2010).
Further support for the relatively high mass-loss rates
of MS stars is provided by theoretical work on their
spectral morphologies. Lower mass-loss rates would lead
to O-type absorption line spectra, which is inconsistent
with the morphology of luminous WNh stars (Crowther
et al. 2010; Martins & Palacios 2017). In addition, Vink
& Gra¨fener (2012) derived a theoretical framework for a
mass-loss rate that characterizes the transition between
optically-thin and optically-thick winds. Such a transi-
tion is around M˙ ∼ 10−5Myr−1 at solar metallicity.
Lastly, there is no evidence that WNh stars have strong
magnetic fields to confine the wind and reduce the effec-
tive mass-loss rate, as has been proposed for lower-mass
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and less luminous O-type magnetic stars (Petit et al.
2017; Keszthelyi et al. 2019). In fact, because WNh are
characterized by strong mass loss (M˙ & 10−5Myr−1;
Martins et al. 2008), they seem to be incompatible with
strong magnetic quenching of mass loss. Based on this
observational evidence, we do not see room for an out-
right reduction of mass-loss rates by factors of 3-5 during
Hydrogen burning for 85 M stars if they are to produce
very massive BHs, unless the progenitor evolved from
a strongly magnetized luminous star that is unlike the
observed WNh population. Because of their lower M˙ ,
these stars should be spectroscopically similar to O or
Of stars.
At lower temperatures, the upper HR diagram for
stars with logL?/L & 6.0 is dominated by LBVs
and blue hypergiants. These stars have spectra char-
acterized by P-Cyg profiles and emission lines, which
indicate high M˙ . Detailed spectroscopic analyses us-
ing the radiative transfer code CMFGEN have shown
that luminous LBVs do indeed have typical mass-loss
rates of M˙ > 10−5 M/yr (Groh et al. 2009, 2011;
Clark et al. 2012b). For example, the prototypical LBV
AG Carinae, which is in the luminosity range through
which 85 M stars evolve, has a current mass around
60-70 M (Groh et al. 2011) and a quiescent stellar-
wind mass loss that varies between M˙ ' 1.5 × 10−5
and ∼ 1.0 × 10−4 Myr−1 (Groh et al. 2009; Stahl
et al. 2001). Thus, using average post-MS mass losses
M˙ < 10−5Myr−1 would be inconsistent with the LBV
observations. On top of quiescent stellar winds, LBVs
also show eruptive mass loss episodes (Smith & Owocki
2006), which would only add to the total amount of mass
lost by an LBV. Because the frequency of LBV eruptions
and the mass lost per eruption are unknown, stellar evo-
lution models have to rely on average mass-loss rates of
LBVs, which is what we include in our models below.
3. GENEVA STELLAR EVOLUTION MODELS FOR
DIFFERENT LBV MASS-LOSS RATES
Based on these observational constraints for minimum
mass-loss rates for Hydrogen-burning stars and LBVs,
we compute numerical stellar evolution models with an
initial mass of 85 M using the Geneva code. A star with
an initial mass of 85 M could lead to the most massive
BHs that could be formed at solar metallicity, producing
final CO core masses just below the pulsational pair-
instability regime (Belczynski et al. 2019).
We summarize our main assumptions below and re-
fer the reader to Ekstro¨m et al. (2012), Georgy et al.
(2013) and Georgy et al. (2017) for further details on
the Geneva code. Our models have solar metallicity
B=2kG
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Figure 2. HR diagram of our Geneva stellar evolution mod-
els, showing the set of models with fMS = 0.3 (orange) and
fMS = 1.0 (blue). A model including mass-loss quenching
by a surface dipolar magnetic field of B = 2 kG is shown
in green. All models spend their post-MS phase as LBVs at
logTeff ' 3.8, and the different colors at that point indicate
the different values of M˙LBV adopted by our models. We
also plot the luminosity and effective temperature derived
from observations of WNh (light gray circles), and LBV (can-
didate) stars (dark grey squares). The observational data
was compiled from Martins et al. (2007, 2008), Clark et al.
(2012a), Smith et al. (2019) and references therein.
Table 1. Summary of stellar evolution models with an initial
mass of 85M and different mass loss rates during core H
burning and the LBV phase. We list the mass loss scaling
factor applied during core H burning (fMS), the constant
mass loss rate applied during the post-MS evolution (M˙LBV),
the mass lost (in M) during the MS evolution, the mass lost
during the post-MS evolution and the total stellar mass at
the end of the evolution (Mfinal)
fMS M˙LBV/ 10
−5 M lost M lost Mfinal
Myr−1 (MS) (post-MS) M
1.0 1.0 16.4 3.4 65.2 M
1.0 5.0 16.4 16.4 52.2 M
1.0 10.0 16.4 33.9 34.7 M
0.3 2.5 6.4 7.9 70.7 M
0.3 5.0 6.4 15.9 62.7 M
0.3 10.0 6.4 31.7 46.9 M
(Z = 0.014), with solar abundances values from As-
plund et al. (2009). To isolate the effect of mass loss
on the evolution final masses of massive stars, we fo-
cus on non-rotating models only. As a consequence, we
avoid the two main feedback effects of rotation on mass
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loss. Firstly, rotating models are more luminous than
a single star model of same initial mass, which in turn
leads to higher values of M˙ . Secondly, high rotation
may produce rotationally-induced mass loss, although
the magnitude of such effect is under debate (Maeder &
Meynet 2000b; Mu¨ller & Vink 2014). We terminate the
stellar evolution models at the end of core He or Carbon
burning, depending on numerical convergence issues.
Our models use the Vink et al. (2001) prescription
for M˙ for the core Hydrogen burning phase, which
we define here as when the central H abundance is
greater than 10−4. We compute several models with
the Vink et al. (2001) prescription scaled by factors of
fMS = M˙/M˙Vink = 1.0, 0.3, and 0.0. Models with
fMS = 1.0 would roughly match the mass-loss rates in
the observed WNh population, while fMS = 0.3 and 0.0
mimic the quenching of mass-loss by magnetic fields.
For comparison, we also compute a model with a surface
dipolar magnetic field of 2 kG, following the implemen-
tation of mass-loss quenching by magnetic fields from
Georgy et al. (2017), which is based on the equations
from Petit et al. (2017). We suppress the 10x increase
in M˙ that is included in the Vink et al. (2001) prescrip-
tion when the star crosses the bi-stability jump. Models
including the bi-stability jump would produce lower BH
masses. Instead, we reduce the jump in M˙ to prevent
strong mass loss at the end of the MS that would dom-
inate the mass budget (Groh et al. 2014), as included
in e.g. Ekstro¨m et al. (2012). We also refer the reader
to Keszthelyi et al. 2017 for further discussions on the
impact of mass loss and the bi-stability jump on massive
star evolution.
For the post-MS phase, we switch to an average LBV
mass loss (M˙LBV) when Teff . 15000 K. The exact
value of Teff at which we switch prescriptions has little
impact on the total mass lost. We compute models for
M˙LBV = 1.0, 2.5, 5.0, and 10.0× 10−5 Myr−1. Values
of M˙LBV much greater than 10
−4 Myr−1 would remove
the entire H envelope and produce a Wolf-Rayet star
with a final mass of around 20 M (Groh et al. 2013).
Figure 2 shows our evolutionary tracks in the HR di-
agram. The model with fMS = 0.3 (blue) has a higher
luminosity than the model with fMS = 1.0 (orange) at
all times due to its higher mass. Both models evolve
through the region of the HR diagram where WNh stars
are observed. During the post-MS, the models are spec-
troscopically similar to LBVs (Groh et al. 2014) due to
the high value of M˙ . This is expected to occur as the
star evolves and becomes closer to the Eddington limit.
If the mass-loss rates are low enough, the star retains its
H envelope and remains as an LBV until the end of its
evolution.
4. THE FINAL MASS OF MASSIVE STARS
Figure 3 presents the evolution of the total stellar mass
a function of normalized age for our models with differ-
ent MS and post-MS mass loss prescriptions. For now we
focus on the 85 M models with no convective core over-
shooting, but similar conclusions are reached for stars in
the range 40–100 M since they also go through an LBV
phase (Ekstro¨m et al. 2012; Groh et al. 2014). Table 1
summarizes the mass lost by our models in different evo-
lutionary phases.
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Figure 3. Evolution of the stellar mass as a function of the
normalized age for our Geneva stellar evolution models with
different mass-loss rate prescriptions. The labels indicate the
values of the MS mass-loss rate (blue and orange), the surface
dipolar magnetic field strength when applicable (green) and
M˙LBV of our models.
Models with fMS = 1.0 correspond to the evolution
predicted based on the mass-loss rates of the observed
population of WNh stars in the Milky Way. These mod-
els reach the end of the MS with a mass of 68.6 M, los-
ing 16.4 M. The star would need to lose mass during
the post-MS LBV phase at an average rate of M˙LBV =
1.0 × 10−5 Myr−1 to finish its evolution as a 65 M
BH, assuming no mass loss during fallback. This time-
averaged LBV mass-loss rate is much lower than the
observational constraints we discussed earlier (Fig. 1).
For more realistic values of M˙LBV = 5.0×10−5 Myr−1
and 1.0× 10−4 Myr−1, the star would produce 52 M
and 35 M BHs, respectively. These are still relatively
massive BHs compared to those detected by LIGO grav-
itational wave observations (Abbott et al. 2019). Our
models indicate that the uncertain LBV mass loss leads
to a wide range of final BH masses. For these reasons,
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obtaining a large observational sample BH masses from
electromagnetic and gravitational waves could provided
important constrains on the mass-loss history of massive
stars. We conclude that to form very massive BHs that
evolve from the observed population of MS WNh stars,
these objects have to lose mass at a much lower rate
than those of observed luminous post-MS stars such as
LBVs. However, if stars can avoid losing a large amount
of mass during pulsations due to pair instability (Bel-
czynski et al. 2019), it is possible for a ∼ 100M star to
have mass loss rates more similar to the observed lumi-
nous post-MS and still produce a ∼ 70M BH.
The model with fMS = 0.3 finishes the MS with a
mass of 78.6 M, losing 6.4 M. Not surprisingly, this
is similar to the MS mass loss in the model presented
by Belczynski et al. (2019), as they scale the mass-loss
rates by a factor of fMS = 0.3. Based on the avail-
able M˙ constraints of massive MS stars in this mass
range, this model would correspond to the evolution of
an unseen population of massive stars with relatively
weak winds at high luminosity. They could correspond
to strongly-magnetized ∼ 85 M stars, perhaps formed
via mergers in a similar fashion as for ∼ 15 − 20 M
magnetic stars such as tau Sco (Schneider et al. 2019,
2020). Because of the strong surface magnetic fields,
these stars would have their mass-loss rates quenched
similarly to magnetic late-type O stars (ud-Doula &
Owocki 2002; Ud-Doula et al. 2009; Petit et al. 2017;
Keszthelyi et al. 2019). Using the scaling for the mass-
loss quenching (e.g. Eq. 3 from Petit et al. 2017), we
find that a dipolar magnetic field strength of roughly
around 2 kG would be required to quench the mass-loss
rate to ∼ 30% of what would be expected in the ab-
sence of surface magnetic fields. This assumes a stellar
radius of 25 R, M˙LBV = 1.1 × 10−5 Myr−1 (before
quenching), υ∞ = 2200km/s (before quenching), which
are roughly the parameters expected for 85 M stars at
the middle of the MS using stellar evolution models and
the Vink M˙ prescription. Indeed, our detailed numeri-
cal model that includes a dipolar surface magnetic field
of 2kG loses a similar amount of mass during the MS as
the model with fMS = 0.333.
Regardless of the MS evolution, mass loss during the
post-MS evolution, possibly as an LBV, has strong im-
pact on the BH birth mass function. Depending on
M˙LBV, these models with fMS = 0.3 finish their evo-
lution with a final mass of 75.3, 70.7, 64.4 and 52.0
M for mass loss rates of M˙LBV = 1.0, 2.5, 5.0, and
10.0× 10−5 Myr−1 respectively (see Table 1).
Under our assumption for the structure of the radia-
tive envelope, the envelope is extended, as in to other nu-
merical stellar evolution models (Choi et al. 2016, e.g.).
This means that our models do not solve the issue raised
by Liu et al. (2019) and Belczynski et al. (2019) that
the stellar radius of the progenitor of the putative LB-1
BH becomes larger than the size of the orbit. This can
potentially be solved by accounting for a porous, struc-
tured radiative envelope which could potentially have
a lower effective opacity (Owocki et al. 2004). Three-
dimensional radiation hydrodynamic models would be
needed to address this issue (Jiang et al. 2018).
5. IMPLICATIONS FOR BLACK HOLE BIRTH
MASSES
Based on the available observational constraints for
M˙ of massive, luminous stars, we discuss two possi-
ble scenarios for the progenitor of 40–70M BHs at
high metallicities. First, if the progenitor of these BHs
volved from the observed population of WNh stars, it
managed to lose mass with a maximum average rate of
1.0× 10−5 Myr−1 during its post MS phase. However,
this value is lower than the typically observed mass-loss
rates of LBVs. It is possible that some single stars might
not go through the LBV phase as all and instead evolve
as blue hyper-giants with lower mass-loss rates. A sec-
ond possibility is that the progenitor evolved from a yet
undetected population of ∼ 85 M stars with strong
magnetic fields, perhaps originated in a merger event as
proposed for O-type stars (Schneider et al. 2019). Sur-
face magnetic fields could quench mass loss during the
MS phase, as has been proposed for lower-mass O-type
stars (Petit et al. 2017; Keszthelyi et al. 2019) and very
massive stars that produce pair-instability SN (Georgy
et al. 2017). The strongly magnetized massive stars sce-
nario could explain the recent claim from Belczynski
et al. (2019) that reduced MS M˙ are needed for ex-
plaining the mass of the LB-1 BH that was originally
proposed by Liu et al. (2019). In this case, the average
mass-loss rate during the post-MS LBV phase must be
less than 5.0 × 10−5 Myr−1. This is still a tight mass
budget if we consider that observed luminous LBVs such
as AG Carinae have average mass-loss rates from quies-
cent stellar winds close to or above this level. Eruptive
mass loss that characterizes LBVs would add to the total
mass lost.
In this paper we show that LBVs could be direct pro-
genitors of massive black holes, which require a direct
collapse and no SN explosion. This is apparently at odds
with the evidence that LBVs are the direct progenitors
of some SN events (Smith 2014). To reconcile these
two outcomes, we suggest that massive single stars (or
mergers that fully mixed) evolve to have large cores, pro-
duce BH progenitors and perhaps avoid the LBV phase,
while massive stars which form due to binary interaction
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(either mergers or mass gainers that do not fully mix;
Smith & Tombleson 2015) may have smaller cores, larger
envelopes, evolve through an LBV phase and could pro-
duce a SN event (Justham et al. 2014).
We encourage further searches for massive compact
objects around galactic stars. Our main conclusion is
that the formation of massive black holes at solar metal-
licity is possible depending on surface magnetic fields
and post-MS mass loss. We find that the most massive
black holes at solar metallicity could form from fallback
in stars that retain a large H envelope, avoiding the WR
phase. Before collapsing to BHs, these stars should re-
semble LBVs, i.e. unstable massive stars close to the
Eddington limit. Some could show the characteristic
S-Doradus type variability of LBVs. Improved obser-
vational constraints on the mass loss during the LBV
stage is crucial to have a comprehensive view of black
hole birth masses.
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